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ABSTRACT 9 
This study aims to examine the solubility of CO2 in anhydrous milk fat (AMF) as functions of 10 
partial pressure, temperature, chemical composition and physical state of AMF. AMF was 11 
fractionated at 21°C to obtain stearin and olein fractions. The CO2 solubility was measured 12 
using a home-made experimental apparatus based on changes of CO2 partial pressures. The 13 
apparatus was found to be reliable as the measured and theoretical values based on the ideal 14 
gas law were comparable. The dissolved CO2 concentration in AMF increased with an 15 
increase in CO2 partial pressure (0 – 101 kPa). The apparent CO2 solubility coefficients (mol 16 
kg-1 Pa-1) in the AMF were 5.75±0.16 × 10-7, 3.9±0.19 × 10-7 and 1.19±0.14 × 10-7 at 35, 24 17 
and 4°C, respectively. Higher liquid oil proportions resulted in higher CO2 solubility in the 18 
AMF. There was insignificant difference in the dissolved CO2 concentration among the 19 
AMF, stearin and olein fractions in their liquid state at 40°C.  20 
Keywords: anhydrous milk fat, carbon dioxide, fatty acids, solubility, stearin, olein. 21 
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1. INTRODUCTION 22 
Usage of carbon dioxide (CO2) has been extensively explored in food packaging and shelf-23 
life extension thanks to its relatively inert nature and antimicrobial effects in preventing 24 
spoilage of foods (Daniels, Krishnamurthi, & Rizvi, 1985). Solubility of CO2 in water at low 25 
pressure is well quantified (Carroll, Slupsky, & Mather, 1991) and has been investigated in 26 
modified atmospheric packaging (MAP) systems of fruits, fish oil, meat and cheeses 27 
(Beaudry, Cameron, Shirazi, & Dostallange, 1992; Gill, 1988; Jakobsen & Risbo, 2009; 28 
Rotabakk, 2013). It is known that the properties of CO2 gas itself are influenced by extrinsic 29 
factors such as total pressure and temperature (Laidler, Meiser, & Sanctuary, 2003). 30 
Superimposed onto that is a complex system of foods in which many intrinsic variables such 31 
as components (water, lipids, proteins, salt etc.) and their proportion, pH, polarity and 32 
physical state (liquid, solid, solid-liquid mixture) might impact on CO2 adsorption or 33 
dissolution (Jakobsen & Bertelsen, 2006; Jakobsen, Jensen, & Risbo, 2009; Rotabakk, 2013). 34 
Furthermore, foods tend to change physico-chemical properties due to oxidation (lipids, 35 
proteins), phase change (crystallisation and dehydration), microbial growth and respiration 36 
(fruits, vegetables etc.) during prolonged storage. As a result, the adsorption of CO2 into 37 
foods has been found to vary widely (Simpson, Acevedo, & Almonacid, 2009). In general, 38 
the solubility of dissolved CO2 and its adsorption behaviour in a multi-component and multi-39 
phase food systems is difficult to measure and still poorly understood. 40 
To date, about 115 data sets have been published for CO2 solubility in foods, mainly for high 41 
water content and high fat-containing food products (Chaix, Guillaume, & Guillard, 2014). 42 
Even though solubility of CO2 in some dairy products has been investigated (Jakobsen, 43 
Jensen, & Risbo, 2009; Ma & Barbano, 2003), information on CO2 dissolution or adsorption 44 
in individual component of dairy products such as lipids and proteins is still scarce. In fact, 45 
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CO2 is highly soluble into lipids (Mitz, 1979). Regarding dairy product systems, it has been 46 
found that the CO2 gas solubility coefficient within temperature range of 0 -20°C is between 47 
3.35× 10-7 and 4.39 × 10-7 mol kg-1 Pa-1 in butterfat (Jakobsen, Jensen, & Risbo, 2009). A 48 
previous study on CO2 infusion in milks and cream reported that CO2 solubility increased 49 
with increasing temperatures. At 0°C, CO2 dissolved more in vegetable oil emulsion than 50 
others (butter oil emulsions, unhomogenised cream) (Ma & Barbano, 2003). A study on 51 
cheese also showed that the general trend of solubility of CO2 in butterfat is higher at higher 52 
temperature (Jakobsen, Jensen, & Risbo, 2009). Apart from the effects of partial pressure and 53 
temperature, CO2 solubility in butterfat in relation to intrinsic factors such as fatty acid 54 
composition and physical state has not been examined.  55 
Milk lipids consist of widely-varying fatty acid composition (more than 400 fatty acids and 56 
200 TAG species), resulting in some unique physiochemical characteristics (Gresti, Bugaut, 57 
Maniongui, & Bezard, 1993; Macgibbon & Taylor, 2006). Due to a wide range of melting 58 
temperature (- 40 to 40°C), the milk fat component of dairy products is commonly in a 59 
partially crystalline state at consumption and storage temperatures. However, to the best of 60 
our knowledge, there is little information on the sole effects of fatty acid composition and 61 
physical state of milk fat on CO2 solubility. Such information on CO2 solubility in milk fat 62 
may be a useful tool to predict the dissolved CO2 concentration in the fat phase of a range of 63 
dairy products (butter, ice cream, cheeses, yoghurt, dry whole milk powders etc.) during 64 
processing and potential storage under modified atmosphere. 65 
Several direct and indirect methods have been employed to measure dissolved CO2 66 
concentration in food systems; for example, sensors (pH-based, optical-based), chemical 67 
titration, gravimetry, manometry, volumetry, gas chromatography and infra-red spectrometry 68 
(Chaix, Guillaume, & Guillard, 2014). Many of these methods are not applicable to the lipid 69 
  
4 
 
phase of food products and many are invasive or provide non-continuous measurement. Some 70 
more sophisticated methods require expensive instrumentation, whereas simpler methods, 71 
such as chemical titration can be very time-consuming. To facilitate research and technology 72 
application in this field, a simple, inexpensive alternative method is needed. Ideally, this 73 
method should permit measurement of CO2 in both liquid and solid fat phases and be 74 
operable in continuous mode to allow characterisation of the gas absorption process up to an 75 
equilibrium state.  76 
The aim of this study was to investigate CO2 gas solubilisation or adsorption into milk fat in 77 
relation to the partial pressure of CO2, physical state of milk fat, fatty acid composition and 78 
environmental temperature.  A simple lab-scale manometric apparatus was constructed, 79 
which permitted continuous pressure changes to be monitored in a close container until 80 
equilibrium was achieved.  Dry ice, a solid form of CO2, was used as a CO2 source instead of 81 
used liquid or gaseous CO2. Dry ice is widely used as a cooling agent; it is readily available, 82 
inexpensive and easy to apply at laboratory scale.  83 
2. MATERIALS & METHODS 84 
2.1 Materials 85 
Anhydrous milk fat (AMF) was purchased from Rogers & Company Foods Pty Ltd 86 
(Hampton East, Victoria, Australia). It was stored at 4°C until use. To examine the 87 
dissolution of CO2 in milk fats with different gross fatty acid compositions, AMF was 88 
separated into two fractions: stearin (solid) and olein (liquid) at 21°C by dry fractionation as 89 
described in our previous study (Truong, Bansal, Sharma, Palmer, & Bhandari, 2014). The 90 
AMF was melted at 60°C for 2 h and then filtered through a filter paper (Whatman #4) under 91 
  
5 
 
vacuum. The molten milk fat was then cooled to 21°C and underwent a crystallisation 92 
process for 24 h at this temperature. Vacuum filtration was employed to separate the liquid 93 
fraction (olein) and the solid fraction (stearin) at 21°C. The olein and stearin fractions were 94 
kept at 4°C before use.  95 
At some points, vegetable oil was also analysed for comparison. The vegetable oil obtained 96 
from a local supermarket was chosen as it is in liquid state within the temperature range 97 
investigated in this study (4 to 40°C) in contrast to milk fat which is semi-crystalline below 98 
ca. 25°C.  99 
Pelleted dry ice was supplied by the chemical store in the University of Queensland 100 
(Queensland, Australia). Dry ice was stored in foam box at -80°C to prevent the sublimation. 101 
The transformation of solid (dry ice) to gas phase in CO2 happens at -78.5°C, which is its 102 
sublimating point, at the atmospheric pressure (Perry & Green, 2007). The weight of the 103 
individual dry ice pellets was approximately 1 -3 g. All other chemicals used were of 104 
analytical grade. 105 
2.2 Experimental apparatus 106 
Figure 1A depicts the home-made apparatus fitted with a digital manometer (DC-400, GTS 107 
Gauges Transmitters Switches, Midvale, Western Australia) connected to the screw cap of a 108 
Schott bottle (0.627 L). The working ranges of the digital manometer (0-1000 kPa) and 109 
temperature range (-10 to 60°C) covered the whole ranges of pressure (less than 200 kPa) and 110 
temperature (4 – 40°C) used in this study.  111 
When dry ice was placed into the container and the cap was immediately closed, the dry ice 112 
sublimated in the closed system. For the empty and closed container, at constant temperature 113 
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and constant volume, the equilibrium concentration of CO2 gas upon completion of dry ice 114 
sublimation can be calculated by using the ideal law gas n = PV/RT, where P is the partial 115 
pressure of CO2 (kPa), T is the absolute temperature of the gas (K), R is the universal gas 116 
constant, 8.314 L kPa mol-1 K-1, V is the gas volume, and n is the absolute amount of the gas 117 
(mol). Technically, sublimation of 1 g of dry ice in this closed system generated CO2 partial 118 
pressure of 89.17 kPa. For laboratory safety reason, the range of partial pressure investigated 119 
in this study was kept below 150 kPa.  120 
With a milk fat sample in the container, the difference in gaseous concentrations between the 121 
headspace and the sample is the driving force for gas transfer until the equilibrium state is 122 
obtained. Since this apparatus was operational in a static and batch mode, i.e. non-continuous 123 
carbonation, and the initial amount of dry ice was known, the partial pressure reading can be 124 
used to calculate the absorbed CO2 concentration in the milk fat sample (in continuous mode 125 
without opening the system). As proposed by Sivertsvik, Jeksrud, Vagane, and Rosnes 126 
(2004), a simplified equation following the ideal gas law can be used to predict the amount of 127 
dissolved CO2 into water assuming a compressibility factor of 1, the system following the 128 
ideal gas law and negligible changes in N2/O2 partial pressure in the closed system. Change in 129 
partial pressure can be related to the total concentration of dissolved CO2 into a milk fat 130 
sample as follows:            131 
s
headspaceCO
eqCO RTW
Vp
C
×∆
=
2
2 .
  [Eq. 1] 132 
where CCO2 eq. is the equilibrium amount of dissolved CO2 (mol kg-1) taking account of any 133 
related dissociation and hydration products, ∆pCO2 (pCO2 initial – pCO2 final) is the difference 134 
in partial pressure drop due to CO2 gas adsorption into the sample, Vheadspace is the headspace 135 
gas volume (L) and Ws is the weight of the milk fat (kg).  136 
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2.3 Validation of the apparatus 137 
Empty container. Accuracy of the CO2 measuring system was evaluated in the empty 138 
container using the dry ice to produce different CO2 partial pressures at three different 139 
temperatures (40, 24 and 4°C) to examine whether the pressure build up was the same as the 140 
predicted pressure, calculated from the ideal gas law equation. Known masses of dry ice 141 
corresponding to various concentrations of CO2 were placed into the empty container. The lid 142 
was immediately closed to prevent loss of CO2. An exact amount of dry ice presents in the 143 
closed system was computed by calculating the difference in mass of the system before and 144 
after adding the dry ice using an analytical balance (HR-200, Mettler-Toledo, 145 
Schwerzenbach, Switzerland). The pressure built up gradually with sublimation of the dry ice 146 
in the closed container and eventually reached a stable point at which the dry ice was 147 
completely exhausted. The pressure values were then recorded at this equilibrium state. All 148 
measurements were done in triplicate and the values compared against the theoretical 149 
equilibrium CO2 pressures according to the ideal gas law. 150 
The relative accuracy of this manometric method in the presence of distilled water and a food 151 
product was further compared with the established CO2 measurement methods after 152 
equilibrating for 18 - 24 h at 24°C as followings: 153 
Distilled water. The concentration of CO2 dissolved in the distilled water (0.15 kg) was 154 
measured using an InPro 5000 dissolved CO2 sensor (Mettler Toledo, Columbus, OH, USA), 155 
which was previously calibrated with known concentrations of NaHCO3. The theoretical CO2 156 
solubility in water was calculated according to Henry’s law (kH= pCO2/ CCO2 eq) where kH is 157 
the Henry’s law coefficient at 298K (29.41 Lsol atm molgas-1). Temperature dependence of 158 
Henry’s law coefficient was computed using the van’t Hoff equation: 159 
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 = exp	 − ∆   −      [Eq. 2] 160 
where cA is the unknown solubility at temperature TA,  cref  is the solubility value at the 161 
reference temperature, ∆Hs is the enthalpy of sorption for CO2 solubility in water (31 mmol 162 
kg-1 atm-1 for the temperature range within 2 - 25°C at atmospheric pressure (Dean, 1999).  163 
AMF. The chemical titration method using CO2 scavengers were used to determine CO2 164 
content in AMF as described by Gill (1988) and Jakobsen and Bertelsen (2006).  The sample 165 
(approximately 2 g) was immediately transferred to a flask containing 0.5M H2SO4 solution 166 
(5 mL). This flask was connected by neoprene tubing to a second flask, containing 167 
standardised Ba(OH)2 (3 mL of 0.1N), which acted as a gas scavenger, reacting with evolved 168 
CO2 from the sample to form a BaCO3 precipitate. After 18 – 24 h the residual quantity of 169 
Ba(OH)2 was titrated directly in the flask against a standard HCl solution (0.1M) using 170 
phenolphthalein as an indicator. All measurements were at least duplicated.  171 
2.4 Experimental design 172 
After validating the method, a procedure was developed to analyse food lipids samples for 173 
the dependence of CO2 solubility on partial pressure, physical state (solid/liquid), fatty acid 174 
composition (stearin, AMF, and olein) and temperature (olein at 40 and 24oC). Unless 175 
otherwise specified, the general procedure is described as below. 176 
2.4.1 General procedure 177 
AMF (0.15 kg) was heated to 60°C for 1 h to melt the sample completely. The molten AMF 178 
was filtered to remove any proteinaceous materials, poured into the Schott bottle of the 179 
apparatus and allowed to cool quickly to specific temperatures (i.e. 40, 35, 24 or 4°C). 180 
  
9 
 
Densities of the AMF at various temperatures (4-40°C) were determined by placing a known 181 
mass of AMF into a graduated cylinder. The density values of AMF (0.9026-0.9278 g cm3 -1) 182 
were used to estimate the volume of AMF at the given temperatures. The dry ice was 183 
weighed using an analytical balance (HR-200, Mettler-Toledo, Schwerzenbach, Switzerland) 184 
and immediately poured into the container, which was then tightly closed. The exact mass of 185 
CO2 in the closed container was calculated based on the difference in total weight before and 186 
after adding the dry ice. The partial pressure was allowed to build up until the dry ice 187 
sublimated completely. At this point, the obtained partial pressure values corresponded to the 188 
theoretical values calculated for the volume of headspace. The partial pressure then dropped 189 
with time due to the dissolution process of the gas into the AMF. The sample was kept 190 
quiescently in an incubator at the investigation temperature and changes of partial pressure 191 
with time were recorded. After 24 h of equilibration, the absorbed CO2 concentration was 192 
calculated according to Eq. 1. All measurements were conducted at least in duplicate.  193 
In this study, measured CO2 concentration and gas solubility coefficient were expressed as 194 
mmol kg-1 and mol CO2 kg-1 Pa-1, respectively. Where appropriate, the solubilities were also 195 
calculated in mole fraction, Bunsen and Ostwald coefficients permit comparison against 196 
literature values for other fats/oils. Bunsen coefficient is defined as the volume of gas 197 
reduced to 273.15K and 1 atm pressure which is absorbed by unit volume of solvent (at the 198 
temperature of measurement) under a partial pressure of 1 atm. Ostwald coefficient is defined 199 
as the ratio of the volume of gas absorbed V(g) to the volume of the absorbing liquid (at 200 
constant temperature) V(l) (IUPAC, 1992). 201 
2.4.2 Investigation of effect of physical state, fatty acid composition and temperature 202 
Physical state. As shown in Figure 1B, the AMF samples were prepared at the three 203 
temperatures 35, 24, and 4°C having solid fat contents of 0.0, 32.5, and 80.7%, respectively. 204 
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The dry ice was added to the samples maintained at those temperatures at 45.44 mmol kg-1 205 
CO2 concentration. The vegetable oil, which was totally liquid at 24 and 4°C, was taken as a 206 
reference.  207 
Fatty acid composition. The solubility of CO2 as a function of fatty acid composition was 208 
examined on completely liquid stearin (40°C), AMF (40°C), olein (above 21°C) and 209 
vegetable oil (4 – 40°C) (Figure 1C).  210 
Temperature. Since olein is of liquid state at both 40 and 24°C, the influence of physical state 211 
on the solubility of CO2 is suppressed when examining the impact of temperature on the 212 
solubility of CO2 in the olein fraction. This effect was also investigated on the vegetable oil 213 
(Figure 1C).  214 
2.4.3 Investigation on effect of partial pressure: two schemes for infusing CO2 into AMF  215 
Different amounts of dry ice (CO2) were added into the AMF to generate different partial 216 
pressures. The experiment was designed to employ two different schemes to determine the 217 
CO2 solubility coefficient in AMF at different temperatures. As illustrated in Figure 1D, in 218 
the first scheme, the AMF was stored at different temperatures, e.g. 35, 24, and 4°C for 12 h 219 
that generated various relative solid fat contents (0.0%, 33.5%, and 90.3%, respectively). 220 
Then CO2 was added at the same temperatures used to incubate the AMF (35, 24 and 4°C). 221 
The headspace was kept high (73%) to provide sufficient volume of gas to diffuse into the 222 
AMF.  223 
In the second scheme, the CO2 was added to AMF in the liquid state (35°C). To assist the 224 
dissolution process of CO2 into the AMF at 35°C, the apparatus was shaken manually until 225 
the value of partial pressure of CO2 reached a stable reading. The AMF was allowed to cool 226 
from the molten state to 24°C. After 24 h, sequential cooling was undertaken from 24°C to 10 227 
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and 4°C. This scheme was designed to examine effect of partial pressure of CO2 on 228 
dissolution of CO2 into the AMF during the solidification process at the given temperature 229 
ranges. The headspace was maintained low (13% of the total volume) to increase the 230 
sensitivity of gas volume released on pressure increase.   231 
In both schemes the solubility or adsorption of gas was determined by mass balance by 232 
measuring the headspace partial pressure of CO2 at equilibrium. The solubility was also 233 
determined at different partial pressures of headspace controlled by adding different amounts 234 
of dry ice. 235 
2.5 Analysis of fatty acid composition 236 
Gas chromatography (GC) using a flame ionisation detector (DB-23 60 m  × 0.25 mm × 0.25 237 
µm capillary column, GC-17A, Shimadzu Co., Japan) was used to analyse the fatty acid 238 
composition in the AMF, stearin and olein by transmethylated as fatty acid methyl esters 239 
(FAMEs) in the AMF, stearin and olein fractions. A full description of this quantification 240 
method previously can be found elsewhere (Truong, Bansal, Sharma, Palmer, & Bhandari, 241 
2014). An internal standard (1 mg of heptanoic acid) was added to the milk fat sample (15 – 242 
20 mg). The sample then was added of methanolic NaOH (0.5 mL), flushed with nitrogen gas 243 
and heated at 95°C for 3 min to hydrolyse the lipid sample. The fatty acid was esterified by 244 
adding a catalyst (boron trifluoride-methanol) at ambient temperature and heating again for 5 245 
min. After a cooling step, heptane (2.0 mL) and saturated sodium chloride solution (5.0 mL) 246 
were added to the sample. The mixture was then allowed to partition and settle to obtain a 247 
clear heptane solution (1.5 mL), which was transferred into the auto sampler vial. After 248 
derivatisation of fatty acids, methyl esters of specific fatty acids were identified by comparing 249 
their GC retention times to the references (authentic standards of methylated fatty acids). 250 
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Fatty acid composition then was quantified with reference to the area under the internal 251 
standard peak.  252 
2.6 Measurement of relative solid fat content 253 
Relative solid fat content in the milk fats was measured by Differential Scanning Calorimetry 254 
(DSC1 STARe System, Mettler-Toledo, Schwerzenbach, Switzerland). Calibration was 255 
undertaken using an indium standard (melting point = 156.66°C, ∆H melting = 28.41 J g-1). 256 
Approximately 10-15 mg of AMF was introduced to 40 µL aluminium pan and hermetically 257 
sealed (an empty pan was used as a reference). Depending on the incubation temperatures of 258 
the samples, the DSC pan was heated from either 4, 24 or 35oC to 60oC at a heating rate of 259 
5oC min-1 to measure the relative solid fat content (SFC) based on the relative proportion of 260 
total melting enthalpy (∆HM) to that of reference (bulk milk fats solidified at -70oC). STARe 261 
Excellence Software (Mettler-Toledo, Schwerzenbach, Switzerland) was used to analyse 262 
thermographs. All measurements were performed at least in duplicate.  263 
2.7 Statistical analysis 264 
Statistical analyses of the data were conducted using the statistical package MINITAB ® 265 
Release 16 (Minitab Co., USA).  One-way analysis of variance (ANOVA) was used.  266 
Tukey’s multiple comparison test was employed to determine significant differences of 267 
treatment means at P<0.05. 268 
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3. RESULTS & DISCUSSION 269 
3.1 Validation of the experimental apparatus 270 
When the dry ice with high purity was completely sublimated in the hermetic container, it 271 
would be converted to CO2 gas generating various CO2 partial pressures. For the empty 272 
container, it is apparent that the measured CO2 partial pressures increased linearly with 273 
increasing CO2 concentrations, which were converted from the actual amount of dry ice used, 274 
at all three temperatures investigated (40, 24, and 4°C) (Figure 2A). The measured values of 275 
CO2 partial pressures in the apparatus agreed very closely with the corresponding theoretical 276 
values using the ideal gas law (R2 > 0.989; Figure 2B). This indicates that behaviour of the 277 
dry ice in the experimental apparatus is similar to that of ideal gas at low partial pressure. It is 278 
generally agreed that a small deviation within 5% is acceptable in prediction of behaviour of 279 
real gases, in relation to the ideal gas equation at normal pressures and temperatures (Laidler, 280 
Meiser, & Sanctuary, 2003). Behaviour of real gases can become divergent from an ideal gas 281 
at either high pressure or low temperature (Laidler, Meiser, & Sanctuary, 2003). This could 282 
possibly explain our apparent underestimation at 4°C. The Real Gas van der Waals equation 283 
(P+(n2a/V2))(V-nb)= nRT, where a and b are coefficients to correct for molecular attractions 284 
and the volume of the molecules, respectively, was also used to compute the theoretical 285 
values and compared with the measured values (results not shown). There was insignificant 286 
difference in the theoretical values computed by the two ideal gas and real gas equations. 287 
The relative accuracy of the experimental apparatus was further investigated in distilled water 288 
(liquid) and milk fat (semi-solid) samples. The experimental values of dissolved CO2 289 
concentration in the distilled water and AMF determined by CO2 sensor and titration 290 
methods, respectively, are shown in Figure 2C.  As expected, the dissolution of CO2 in the 291 
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water at low partial pressure (below 101 kPa) obeys the Henry’s law (Figure 2C) with high 292 
correlation between calculated and measured values (R2 = 0.980) (Figure 2D). The calculated 293 
mole fraction of CO2 solubility in the water (0.590 × 1000) at 100 kPa CO2 partial pressure 294 
agreed reasonably well with literature data at the same partial pressure and temperatures of 0 295 
to 100oC (0.614 – 0.620 × 1000)  (Caroll et al. 1991) (Appendix 1).  The solubilities of CO2 296 
in AMF sample also increased proportionally with increasing CO2 partial pressures (Figure 297 
2C) but there was a slight deviation from the ideal behaviour according to Henry’s law due to 298 
presence of apparent concentration of CO2 in AMF sample when pCO2 = 0.  This tendency 299 
was also reported in previous study on CO2 solubility in semi-hard cheeses (Jakobsen et al 300 
2009). In this study, a good correlation of the measured solubilities was found between the 301 
two methods, i.e. chemical titration versus calculation based on mass balance (R2 = 0.992).  302 
Taken together, these results confirmed the relative accuracy of the apparatus to be used for 303 
measuring the solubility of CO2 in AMF. The apparatus can be used as a reliable alternative 304 
measurement to direct quantification using the established methods to determine dissolved 305 
CO2 concentration in other dairy/food products in continuous mode. 306 
3.2 Effect of physical state of milk fat 307 
To determine the effect of solid-liquid ratio in AMF on the solubility of CO2, an amount of 308 
dry ice corresponding to CO2 concentration of 45.44 mmol kg-1 was added to AMF samples 309 
having different solid fat contents (0.0, 32.5, and 80.7%) at three temperatures 35, 24, and 310 
4°C, respectively. After 24 h, the equilibrium CO2 absorbed concentration was found to be 311 
lower at lower temperatures (Figure 3A). This result is in line with previous studies on dairy 312 
systems (Jakobsen, Jensen, & Risbo, 2009; Ma & Barbano, 2003). In other words, the CO2 313 
solubility is decreased with increased solid fat content (47.90, 25.59 and 23.22 mmol kg-1 at 314 
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0.0, 32.4 and 80.7% SFC, respectively). The CO2 dissolved concentration in the liquid state 315 
(0.0% SFC) was two times higher than in the solid state (80.7% SFC) considering the 316 
contribution of temperature effect on CO2 solubility. Introducing a simplifying assumption 317 
that CO2 dissolution into the solid milk fat was negligible; calculation based solely on the 318 
liquid fraction showed that the CO2 solubility significantly increased with decreasing 319 
temperatures (Figure 3A). To verify the effect of temperature on solubility without change of 320 
phase, an additional experiment on solubility of CO2 in vegetable oil, which was in liquid 321 
state at both temperatures 4 and 24°C, was carried out. As shown in Figure 3A, the solubility 322 
of CO2 was higher at lower temperature. This dissolution behaviour as a function of 323 
temperature agrees with other published observations on water and liquid oils (Battino, 324 
Evans, & Danforth, 1968; Carroll, Slupsky, & Mather, 1991; Yeh & Richard, 1963). In fact, 325 
due to a wide range of melting temperature (-40 to 40°C) in AMF, the liquid fraction at low 326 
temperature would have a higher proportion of polyunsaturated fatty acids compared to that 327 
at higher temperature. This possibly causes a higher CO2 solubility. Further investigation on 328 
the impact of AMF fatty acid compositions on CO2 solubility is discussed in the next section. 329 
The significantly higher amount of CO2 dissolved in AMF (25%) at 4°C (based on 330 
calculation of liquid fraction; Figure 3A) compared with vegetable oil (4°C) might have 331 
resulted from the entrapment of CO2 micro-bubbles on the matrix.   332 
3.3 Effects of fatty acid composition and temperature 333 
The dissolved CO2 concentrations in AMF, stearin and olein fractions were measured to 334 
investigate the effect of gross fatty acid composition on CO2 solubility in milk fat. The three 335 
samples have relatively distinct gross fatty acid compositions (Table 1). Saturated fatty acids 336 
(mainly stearic acid 14.6% C18:0 and palmitic acid 42.7% C16:0) were enriched in the stearin 337 
fraction (77.5%) and higher than those of the olein fraction (9.7%). The olein fraction had the 338 
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greatest proportions of unsaturated fatty acids (32.2%, mainly oleic acid 26.4% C18:1), 339 
followed by AMF (28.9%) and stearin (22.5%).   340 
At 40°C, the AMF, stearin and olein all were in the liquid state. Dry ice was added at 45.44 341 
mmol kg-1 at 40oC. After 24 h of equilibration at 40°C, the difference in the solubilities 342 
among the three samples was not statistically significant (P >0.05). The CO2 solubilities were 343 
in the range of 41.90 – 44.79 mmol kg-1, Bunsen coefficient 1.281 – 1.382, and Ostwald 344 
coefficient 1.400 – 1.548 (Figure 3B). The vegetable oil treated under the same conditions 345 
also exhibited a similar range of solubilities (47.35 mmol kg-1, Bunsen coefficient 1.460 and 346 
Ostwald coefficient 1.674). These results indicate that there was insignificant impact of gross 347 
fatty acid compositions on CO2 dissolution of AMF, stearin, and olein in the liquid state at 348 
40oC.  349 
The CO2 solubilities of AMF, stearin and olein at 40°C expressed as mole fraction (35.8 – 350 
37.9 × 1000) were lower than to those reported on olive oil (42.1 – 48.5 × 1000 in 351 
temperature range of 35 – 45°C) (Battino, Evans, & Danforth, 1968). The Bunsen and 352 
Ostwald coefficient values for on milk fats and vegetable oil determined in this study appear 353 
larger than some of those reported previously for olive oil at 35-37°C (Ostwald coefficients ∼ 354 
1.1-1.3) (Battino, Evans, & Danforth, 1968; Yeh & Richard, 1963; Yokozeki & Shiflett, 355 
2011). These differences could be due to the higher temperature investigated as well as the 356 
measurement method. In addition, equilibration time might also be a possible cause of the 357 
apparent difference in CO2 solubility. In fact, our result on continuous measurement of 358 
pressure drop by the apparatus showed that an Ostwald coefficient of 1.15 was achieved in 359 
olein after 6.5 h of CO2 dissolution under quiescent condition. This value is quite comparable 360 
to reported Ostwald coefficient of CO2 in olive oil at 37°C (1.2) as determined by gravimetric 361 
microbalance with a maximum gas-liquid equilibrium time of 8 h (Yokozeki & Shiflett, 362 
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2011). According to Chai et al (2014), estimation of CO2 solubilities based on the variation of 363 
partial pressure with constant volume and temperature (similar to the measuring system used 364 
in this study) is one of indirect methods applicable for food. Despite this method has been 365 
successfully used for calculating CO2 solubilities in the real food products, pressure variation 366 
can also be affected by other factors such as nitrogen sorption, water loss, aroma desorption, 367 
beyond the CO2 dissolution.  Thus the complexity and dynamic in real food products can 368 
partly explain the discrepancy between measured and literature values.  369 
In the previous section, it was demonstrated that temperature impacted on CO2 dissolution 370 
into AMF due to the associated differences in solid fat content at 35, 24, and 4oC. To 371 
eliminate the effect of the solid state of milk fat on CO2 solubility, the sole effect of 372 
temperature on CO2 dissolution into olein fraction, which was in a liquid state at both 40 and 373 
24oC, was also examined. As expected, CO2 dissolved into olein at higher concentrations at 374 
24oC (50.6 mmol kg-1) compared to 40oC (44.4 mmol kg-1).  The same dissolution trend was 375 
seen with the vegetable oil reference sample (47.35, 51.10 and 63.74 mmol kg-1 at 40, 24 and 376 
4oC, respectively; Figure 3B). Thus, in both liquid vegetable oil and liquid olein fraction, 377 
CO2 solubility increased with decreasing temperature. Although this result may not appear to 378 
be consistent with some other studies on fat-rich products (Jakobsen, Jensen, & Risbo, 2009; 379 
Ma & Barbano, 2003) discrepancies are most likely due to the presence of solid fat at the 380 
measured temperatures.  381 
3.4 Effect of partial pressure 382 
For aqueous systems, Henry’s law states that "at a constant temperature, the amount of a 383 
given gas that dissolves in a given type and volume of liquid (CO2aq) is directly proportional 384 
to the partial pressure of that gas (pCO2) in equilibrium with that liquid" (IUPAC, 1992).  385 
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For food-related systems, it has been found that the solubility of CO2 in non-respiring foods 386 
stored in modified atmospheres for packaging purpose also obey Henry’s law, which can be 387 
expressed as S(pCO2,T)= Ks(T).pCO2 (Jakobsen, Jensen, & Risbo, 2009; Simpson, Acevedo, 388 
& Almonacid, 2009). In other words, the amount of CO2 diffused into the food sample 389 
S(pCO2,T) increases proportionally to the CO2 concentration over the headspace at the 390 
equilibrium state. The CO2 solubility coefficient Ks(T) corresponds to the Henry’s law 391 
constant (Jakobsen, Jensen, & Risbo, 2009). 392 
In this part of the study, a constant volume of AMF was fixed whilst varying the amount of 393 
dry ice added into the closed experimental apparatus to generate different partial pressures of 394 
CO2 above the AMF. The AMF would be either in liquid or partially solid state because of a 395 
wide range of TAG melting points within the range of temperatures investigated (4 – 35°C).  396 
The effect of partial pressure of CO2 on dissolution of CO2 into milk fat was then investigated 397 
under two schemes.  398 
3.4.1 Solubility of CO2 by adding dry ice to AMF maintained at different temperatures 399 
(different solid fat ratios) (Scheme 1) 400 
The equilibrium dissolved CO2 concentration in the AMF versus equilibrium partial pressure 401 
is presented in Figure 4A. It is clear that the amount of CO2 adsorbed into the AMF 402 
depended on the partial pressures. The trend is analogous to Henry’s law, in that the higher 403 
the partial pressure (0 – 101 kPa), the higher the dissolved CO2 concentration into the AMF 404 
(6.8 – 45.4 mmol kg-1). A good fit with R2=0.986 – 0.999 was established with a linear 405 
regression at all three temperatures.  406 
According to Jakobsen, Jensen, and Risbo (2009), CO2 solubility in cheeses (which comprise 407 
mainly fat, protein and water) can be expressed by a simple linear relationship: S(pCO2, 408 
  
19 
 
T)=Ks(T). pCO2 + S0, where S0 is the offset when the apparent concentration corresponding to 409 
pCO2 = 0. Our finding of linear relationship between partial pressure and solubility of CO2 in 410 
AMF agreed with the observation of Jakobsen, Jensen, and Risbo (2009) in cheeses, in that 411 
there was a small deviation from the origin of Henry’s law with the apparent concentration 412 
(S0) in the range of 5% of the maximal CO2 solubility in AMF. This small deviation is similar 413 
to the range of apparent concentration reported on cheese (Jakobsen, Jensen, & Risbo, 2009). 414 
In this study, the AMF exhibited a similar value of specific CO2 solubility coefficient, Ks(T)  415 
= 3.90 × 10-7 mol kg-1 Pa-1 at 24oC, as reported in other dairy products (butterfat: 3.35 – 4.39 416 
× 10-7 mol kg-1 Pa-1 (0 - 22°C), 45% fat cheese: 2.5 × 10-7 mol kg-1 Pa-1  cheese at 20oC, 3.46 417 
– 3.91 × 10-7 mol kg-1 Pa-1  high fat content hard cheese) (Fava & Piergiovanni, 1992; 418 
Jakobsen, Jensen, & Risbo, 2009). The AMF showed a higher solubility coefficient at 35oC 419 
(5.75 × 10-7 mol kg-1 Pa-1) but seemed to have a very poor affinity for CO2 (1.19 × 10-7 mol 420 
kg-1 Pa-1) when AMF had very high solid fat content (90.7%) at 4oC before adding the CO2.  421 
This is a further indication that the dissolution behaviour of CO2 is affected by the physical 422 
state of AMF. 423 
3.4.2 Solubility of CO2 by dissolution in a liquid state of AMF followed by sequential cooling 424 
(Scheme 2) 425 
The second scheme involved addition of dry ice to AMF in liquid state (at 35oC) and a 426 
sequential cooling to lower temperatures. In this scheme the crystallisation of fat (while 427 
cooling) takes place in the presence of CO2. While crystallising the TAGs upon cooling, it is 428 
logical to assume that the soluble CO2 will be expelled out from the solvent (oil) as observed 429 
in sugar or ice crystallisation. This would generate micro or macro-bubbles of CO2, which 430 
can eventually diffuse to the headspace to maintain the equilibrium state. This would then 431 
cause an increase in the partial pressure of CO2 upon cooling from the molten state. To be 432 
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able to measure this phenomenon, the headspace in the closed system was minimised to 13% 433 
using 0.55 L AMF in 0.63 L container (a similar headspace volume to that of many packaged 434 
foods).   435 
As shown in Figure 4B, the amount of CO2 absorbed into the AMF increased with increasing 436 
partial pressure of CO2 in all cases. This trend was similar to that seen in the first scheme. 437 
Interestingly, at the same partial pressure of CO2, higher CO2 levels could be retained in the 438 
AMF at lower cooling temperatures (Table 2). This trend is opposite from that seen in the 439 
first scheme and inconsistent with the general hypothesis.  The result implies that there is a 440 
difference in retention of CO2 in AMF if it is dissolved in liquid fat followed by cooling to 441 
lower temperature. In this situation, we assume that the CO2 has been retained by various 442 
physical factors that could include dissolution in the liquid phase, incorporation of CO2 into 443 
crystal structure of fat, adsorption at the surface of the fat crystals, and entrapment of macro, 444 
micro or nano-bubbles of CO2 by the gel structure formed by crystal-crystal network. As the 445 
CO2 retained might not be all in soluble form, may be more appropriate to consider that as 446 
reflecting apparent solubility or CO2 retention, rather than solubiliy per se. Indeed, in this 447 
study, some CO2 macro bubbles were visualised in the solidified AMF after the cooling 448 
process. Further investigation on this aspect of the mechanism of CO2 retention will be 449 
undertaken in another study. It should also be noted that comparison of results from the two 450 
schemes at the same temperatures may not be valid in some respects, due to differences in 451 
volume of headspace and application of agitation. 452 
In summary, in common with published findings for other non-respiring foods, the 453 
dissolution behaviour of CO2 into AMF in both schemes depended on the partial pressure of 454 
CO2. The amount of dissolved CO2 varied under different thermal and environmental 455 
conditions. The practical implication is that to fully solubilise or hold a large amount of CO2 456 
  
21 
 
in milk fat at refrigerated temperatures, CO2 should be added into the molten milk fat prior to 457 
cooling.  458 
4. Conclusions 459 
CO2 solubility and retention in AMF depends on the physical state of the milk fat, fatty acid 460 
composition, temperature and CO2 partial pressure. CO2 is more soluble in liquid AMF and 461 
AMF with a lower solid fat content whereas the presence of solid milk fat impedes the 462 
adsorption of CO2 into AMF. Fatty acid composition played little role in the solubility of CO2 463 
when the AMF, stearin and olein fractions in their liquid state at 40oC. This study also 464 
demonstrated that for liquid milk fat, CO2 is more soluble at lower temperatures. The effect 465 
of partial pressure on CO2 dissolution into the AMF followed a positive linear relationship 466 
within the range 0 – 101 kPa. Higher amounts of CO2 - presumably both in soluble and 467 
insoluble forms - can be held in AMF at high solid fat content if the CO2 is added to the 468 
molten AMF prior to cooling. In contrast, AMF is already set in a partially crystalline state, 469 
the solid fat acts as a physical barrier to the adsorption of CO2. 470 
The experimental apparatus developed to measure the solubility of CO2 into the milk fats was 471 
found to be reliable and convenient to use. Also, the use of dry ice as a source of CO2 had 472 
practical advantages. This apparatus and dry ice usage can be recommended as a simple and 473 
reliable method to investigate CO2 solubility in other food materials, particularly in the semi-474 
solid and solid foods. The method and apparatus developed in this study is also suitable to 475 
measure time-dependent diffusivity of CO2 in foods in a continuous analysis. 476 
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Figure 1. Illustration of the experimental apparatus (A) and experimental design (B-D); 545 
effect of physical state of AMF (B) and effect of fatty acid composition and temperature (C) 546 
on the solubility of CO2 into milk fats; illustration of the two schemes used to add CO2 (dry 547 
ice) into AMF to determine the effect of partial pressure on solubility of CO2 into AMF at 548 
different temperatures (D). 549 
Figure 2. The dependence of CO2 concentrations on CO2 partial pressures at the equilibrium 550 
state in the emptied and closed experimental apparatus at 40, 24 and 4oC (A); the correlation 551 
between measured and calculated partial pressures based on the amount of dry ice used in the 552 
emptied experimental apparatus (B). Validation of the experimental apparatus performed on 553 
distilled water and AMF systems (C); a linear relationship of CO2 concentrations at 554 
equilibrium measured by established CO2 sensor (water) and titration methods (AMF) versus 555 
calculated values determined by using the apparatus (D).  556 
Figure 3. (A) The impact of physical state on CO2 dissolution in AMF, stearin and olein 557 
fractions. Symbol * denotes calculation based on the assumption that the CO2 absorption into 558 
the solid fat would be negligible, so only the liquid fraction was taken into account; vegetable 559 
oil was used for a comparison purpose as it remains liquid at both temperatures. (B) 560 
Dissolved CO2 concentration as functions of fatty acid composition (stearin, AMF, olein at 561 
40oC) and temperature (olein at 40 and 24oC); α and L are the Bunsen and Ostwald 562 
coefficients, respectively, reported as average of three determinations (stdev); vegetable oil 563 
was used as a reference.   564 
Figure 4. The absorbed carbon dioxide concentrations in AMF as a function of CO2 partial 565 
pressures; (A) in the first scheme: at equilibrium at 35, 24 and 4oC; and (B) in the second 566 
scheme: upon sequential cooling procedure of AMF from molten state to 24, 10, and 4oC. 567 
Appendix 1 Solubility of CO2 in water expressed as mole fraction as a function of CO2 568 
partial pressure. 569 
  570 
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Table 1.  The fatty acid compositions of the original AMF, olein and stearin fractions 571 
Fatty 
acid 
Fatty acid 
common name 
Amount (%) 
AMF Stearin fraction Olein fraction 
C10:0 Capric 2.90±0.10 2.33±0.02 3.35±0.03 
C12:0 Lauric 3.94±0.10 3.83±0.02 4.34±0.04 
C14:0 Myristic 13.58±0.22 14.32±0.07 13.40±0.13 
C14:1 Myristoleic 1.23±0.01 0.87±0.01 1.38±0.01 
C16:0 Palmitic 39.40±0.01 42.65±0.05 36.45±0.26 
C16:1 Palmitoleic 1.96±0.01 1.37±0.01 2.14±0.01 
C18:0 Stearic 11.25±0.28 14.39±0.02 10.26±0.07 
C18:1 Oleic 23.47±0.03 18.32±0.04 26.42±0.54 
C18:2 Linoleic 2.27±0.18 1.90±0.03 2.23±0.00 
Sum of saturated fatty acids 
(%) 71.1 77.5 67.8 
Sum of unsaturated fatty 
acids (%)  28.9 22.5 32.2 
Reported values are of an average of two independent measurements± standard deviations. 572 
  573 
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Table 2. The CO2 solubility coefficients (mol kg-1 Pa-1) in AMF in the two schemes 574 
investigated. 575 
AMF 
solid:liquid 
ratio 
Temperature CO2 solubilities  
#1 scheme:  
headspace volume of 74% 
 
#2 scheme:  
headspace volume of 
13% 
0:1 35oC 5.75±0.16 × 10-7  - 
1:2 24oC 3.90±0.19× 10-7  1.49±0.19 × 10-6 
2:1 10oC - 
 1.95±0.17× 10-6 
9:1 4oC 1.19±0.14× 10-7  2.11±0.17× 10-6 
 576 
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HIGHLIGHTS 589 
 590 
 a systematic approach examining the solubility of CO2 in milkfat is presented 591 
 a simple and reliable method to investigate CO2 solubility in milkfat was developed 592 
 Anhydrous milk fat (AMF) was fractionated into solid and liquid fractions at 21oC 593 
 The presence of solid milk fat impedes the adsorption of CO2 into AMF 594 
 Fatty acid composition plays little role in the solubility of CO2 in molten milkfat 595 
 596 
